The relationship between excitation temperature and afterglow enhancement was studied. Excitation temperature was found to decrease suddenly at the falling edge of the microwave pulse.
Introduction
In this paper we report the time-dependent emission excitation temperature behavior of a pulse-operated microwave-induced plasma which uses spark sampling of solid material.
The microwave induced plasma (MIP) re mains a promising excitation source for atomic spectrometry.
Goode, et. al. studied factors which affect the performance of a microwave induced plasma 1. They showed that analytical utility generally increases with increased mi crowave power. Haas and Caruso 2 reported a modulated power argon-MIP which gave re sults with detection limits which are in many cases comparable to those of the conventional inductively coupled plasma (ICP) discharge. However, the relatively high power (510W) requirement gave rise to operational difficulties such as overheating of the power cables and coupling loop and cracking of the discharge tube. A pulsed-MIP3 was recently developed in this laboratory.
This device was designed to avoid operational difficulties due to Joule heating, and to obtain intense spectral line emission. The pulsed-MIP offers several poten tial analytical advantages including lower back ground emission, increased signal-to-noise The pulsed-MIP used in this work has been described in detail 3 and will only be briefly reviewed here. The pulsed-MIP source with TM010 cavity is energized with a short duration, high power microwave pulse (up to 400W, 50 which is superimposed on a continuous, low bias microwave plasma (50W). This dis charge requires no special cooling since average power remains low. Energy from the microwave generator is coupled to the dis charge tube by means of a cylindrical TM010 resonant cavity using the Beenakker design 5. A three-port circulator (50-A3001 Trak Micro wave, USA) is used to isolate the cavity from the microwave generator.
The plasma is sus tained in a quartz discharge tube (internal diameter=4mm, thickness=1mm) which is located axially in the 7mm diameter discharge aperture of the cavity. The plasma is initiated by a Tesla coil. A time-resolved measurement system 3 was used to monitor discharge emission intensity. This is shown in Fig. 1 . A 12 cm f.l. lens was used to focus an image (1:1) of the plasma (end-on) onto a 0.5 mm horizontal slit. An 8 cm f.l. lens focuses an image (1:1) of the hori zontal slit onto the entrance slit of the mono chromator (Model MAF, 1200g/mm grating, 50cm focal length, Shimadzu Co., Japan). The horizontal slit was used to limit the observation region of the plasma. The entrance and exit slit of the monochromator (vertical) were both set at 20pm. Output radiation in the mono chromator is detected by a photomultiplier tube (R928, Hamamatsu Photonics K. K., Japan) operated in a sampling gated mode 6. Even numbered dynode stages are biased from their normal ratings, while the others are held at normal voltages. Gate pulses (60V) are applied to those biased in parallel across the load resistors. The sampling gate pulse is synchro nized with respect to the microwave pulse using digital delay circuits. A 2 ps sampling gate (Fig. 2a) width is used for recording fast time-resolved emission experiments (line inten sity and corresponding excitation tempera tures); a 50 ps sampling pulse (Fig. 2b) is used for all other measurements. The PMT output signal is filtered with an R-C integrator and amplified with a de microvolt ammeter (Model PM-18R, TOA Electronics Co., Japan). The output signal is collected using an analyzing recorder (Model 3655, Yokogawa Electronic Co., Japan) via. an IEEE 488 standard bus. In the present study, excitation temperatures were calculated from emission intensities of atomic lines of the same element using the slope method 17. These intensities yield excita tion state populations provided that the transi tion probabilities are accurate. Equation 2 was derived from the expression for integrated radiance (intensity) of an atomic emission line 17. The wavelength, excitation energies, and statistical weights of the upper levels of the spectral lines used are summarized in Table I for argon lines 13, Table II for Fe lines 13,19, and  Table III for Cu lines 20. Requirements essential to generate the Blotzmann plots have been taken into consideration for chosing these sets of transition probabilities.
High linearity of the Boltzmann plots was obtained using these transition probabilities.
The correlation coeffi cients of the Boltzmann plots are found to be around 0.98 for Fe and Cu and 0.82 for Ar lines. Kubota, et. al. 21 demonstrated that the set of transition probabilites given in Table II  are preferable for this wavelength range. Transition levels (state assignments) are taken from references 22 and 23. Oscillator strengths listed in Table II The relative intensities of emission lines of interest were measured at increasing displace ment (0.25mm interval) from the central axis of the plasma until analyte emission was too weak for reliable detection. The measurement was carried out by moving the cavity, relative to the entrance slit of the monochromator, using an x-y translation stage. Intensity meas urements were taken for all lines at a given displacement before proceeding to the next observation point. The average of five meas urements were plotted vs. displacement in order to construct emission profiles. Excitation tem perature data was calculated from the averaged measurements.
Plasma emission intensity distributions ob tained for Ar(I) 425.94 nm (with and without sample introduction), Fe(I) 371.99 nm and Cu(I) 510.55 nm are shown in Fig. 3 . Argon emis sion intensity decreases markedly as a result of sample introduction.
This may in part be due to changes in plasma impedance.
Other chemical mechanisms such as volatilization and For all emission lines, under all operational conditions, maximum emission is observed in the center of the tube. The plasma (without sample) was centered in the discharge tube and introduction of the solid sample aerosol does not change the plasma position. This behavior is different from that of a moderate power microwave induced plasma reported by Haas, et. al.2 where a plasma sustained with dry argon consists of one or more discharge(s) which reside on the wall of the alumina tube. The plasma recenters itself during solution nebulization.
Centering the plasma in the discharge tube is important to avoid degrada tion of the containment walls and to allow reproducible positioning of the MIP with re spect to the monochromator.
Brown, et. al.27 observed a thermolizing effect upon solution nebulization into a moderate-power argon MIP. They reported that the excitation temperature of dry argon (without nebulization) is 1000 K less than the excitation temperature found for this plasma with nebulization. Figure 4 shows calculated excitation tem peratures vs. axial position (based on data shown in Fig. 3 ). Argon excitation tempera tures decrease upon introducing sample into the plasma due to decreased net absorption of microwave power. Excitation temperatures for Fe and Cu are also shown in Fig. 4 It should be noted that the temperature in formation reported is based on lateral intensity distributions.
The data have not been resolved to their radial counter-part using Abel inver sion algorithms. This is because the strict criteria essential to utilization of Abel inversion techniques (e.g. cylindrical symmetry) are not satisfied for the pulsed MIP discharge (espe cially considering the observation geometry employed). Jarosz, et. al. 28 , have shown that temperatures calculated in a 40 Mhz ICP, using both lateral and radial intensity information, are quite similar. However, the emission in tensity profiles shown here (lateral) must be interpreted accordingly. Experimentally controllable parameters in vestigated include argon flow rate and micro wave modulation pulse (amplitude, frequency, and width). Time resolution was set at 50 s as shown in Fig. 2b .
Effect of argon flow rate. The effect of the argon flow rate on the excitation temperatures of argon (with and without sample) and iron was studied by varying the flow rate from 0.5 to 5 L/min.
As shown in Fig. 5a , the excita tion temperature calculated from argon lines decreases significantly by increasing the argon flow rate while that calculated from iron in creases unexpectedly.
Goode and Otto 29 reported that the electron density, electron temperature, and plasma resistance are relatively constant. Apparently, these parameters depend more on the plasma support gas, pressure of the plasma geometry, than on flow rate. Very large flow rates through larger diameter tubing would probably decrease electron population by introducing turbulence, hence increasing the number of collisions with the wall. Brassem and Maes sen 30 reported a 30% increase in the electron density as the flow rate of argon was increased from 0.5 to 5.0 L/h in a reduced-pressure system. In this study an increased flow of It is also conceivable that, under conditions of high argon flow rate, the discharge itself moves slightly (longitudinally along the dis charge tube) with respect to the object focal point of the imaging system.
Effect of the microwave modulation pulse. The effect of the microwave modulation pulse (amplitude, frequency, and width) on excitation temperature was studied , results are shown in Figs. 5b-5d . Excitation temperature of the plasma generally increases as a result of increasing modulation amplitude, frequency, and width.
In an Ar MIP, metastable atoms and mole cules, ions, and low-and high-energy electrons are among species involved in excitation pro cesses. 10 The 3P0 and 3P2 metastable states of argon are exceptionally long lived 31 (1.3s). Since these states are quite energetic (11.5-11.7eV), they are capable of ionizing and/or exciting a large fraction of analyte species introduced into the plasma." Metastables (Gm) can be involved in the following ionization or excitation processes:
where G is an inert gas atom and M is an analyte atom. Reactions (4) and (5) are termed Penning ionization.
They can occur if the energy of species before the collision is greater than the first or second ionization energy of M; the difference between the energy of the metastable atom and the ionization energy of M is carried off as kinetic energy of the ele ctron.
Reactions (6) and (7) involve direct excitation by metastables.
Direct excitation by metastables is less probable and can occur only under the rigorous conditions that the excitation energy of the analyte atom is closely equal to the metastable energy.32
Low energy electrons in an MIP are espe cially effective in recombination reactions: (8) or (9) High-energy, fast electrons sustain the plasma by: (10) but can be involved in direct excitation pro cesses by: (11) or (12) Ions can also be involved in the excitation processes by:
The condition for the occurrence of reaction. (13) is that the sum of the ionization and excitation energies of the analyte atom be almost equal to the support gas ionization energy. Increased excitation temperatures as a result of increasing the applied level of microwave energy is predictable. However, rapid increases as a function of increased modulation frequency (Fig. 5c ) or increased pulse width (Fig. 5d) indicate, within the time frames observed, the discharge does not reach a steady state equilib rium temperature (within the duration of the modulation pulse envelope). This argument is different than LTE. considerations. Accord ingly time-resolved studies were undertaken using faster time-resolution. 4 to the data shown in Figure 7 , the excitation temperature appears to decrease slightly during the interval of the modulation pulse envelope. Yet, as shown in Fig. 5a , the overal ("aver aged") temperature of the MIP increases as the pulse repetition rate increases (all other conditions kept constant).
One would predict that the time-resolved studies should instead show a temperature increase during the modu lation pulse lifetime.
This discrepancy may be due to physical/radial displacements, due to initial plasma formation, etc., during the modulation pulse lifetime. Studies to resolve this matter are in progress.
Conclusions
Time resolved techniques have been applied to study emission intensity spatial profiles and time dependent behavior of excitation tempera ture in a pulseoperated MIP: 1. The excitation temperature profiles for argon, iron, and copper show significant differences with respect to each other. 2. Excitation temperatures increase with increasing microwave modulation pulse amplitude, width, and frequency. This causes a corresponding increase in an alytical emission line intensity, signal-tobackground level ratio, and S/N ratio. 3. The time-resolved emission intensity of argon lines show afterglow enhancement at the falling edge of the modulation microwave pulse. This could be due to sudden a decrease in excitation tempera ture at the falling edge of the modulation pulse. The present measurements, plus the earlier analytical reports, indicate that the pulse operated (MIP) source may offer several an alytical advantages.
Continued studies are warranted.
Fabrication of a new pulsed-MIP, which operates at significantly higher peak power, is currently under way.
